The nanosecond (ns) and picosecond (ps) pulsed laser-induced damage behaviors of fused silica under cryogenic and room temperature have been investigated. The laser-induced damage threshold (LIDT) and damage probability are used to understand the damage behavior at different ambient temperatures. The results show that the LIDTs for both ns and ps slightly increased at cryogenic temperature compared to that at room temperature. Meanwhile, the damage probability has an inverse trend; that is, the damage probability at low temperature is smaller than that at room temperature. A theoretical model based on heated crystal lattice is well consistent with the experimental results.
Introduction
Laser-induced damage of optics induced by the surface/ subsurface defects is a very important issue since the output power of laser systems is limited by the laser-induced damage threshold (LIDT) of optics. Therefore, much attention has been given to the surface damage of optics such as fused silica [1, 2] , KDP crystals [3] , and optical coatings [4] . As for the bulk damage of optics, the intrinsic damage and damage mechanism have been investigated [5] [6] [7] . The damage mechanism of long pulse is different from that of short pulse, the damage fluence departure from the long pulse diffusion-dominated 1/2 scaling for < 10 ps [8, 9] . Heated crystal lattice by laser that is relative to temperature is mainly responsible for the damage for long pulse [8] . However, the influence of ambient temperature ( 0 ) on the laser-induced bulk damage in fused silica optics is little known for long pulse (>10 ps) [10] [11] [12] [13] . Merkle and Kitriotis [10] reported that both single and multiple pulse (16 ns at 1064 nm, 10 ns at 532 nm) damage differed very little between 80 K and 295 K, and they compared the temperature dependence with several damage mechanisms, including multiphoton absorption, electron avalanche, inclusion heating, and bond breaking.
It seems that none of the damage models can explain all the phenomena of laser-induced damage in transparent materials adequately. Mikami et al. [11] [12] [13] studied the temperature dependence of LIDT in silica glass (4 ns at 1064 nm and 355 nm) and its relationship with the concentration of impurities was discussed [11] . The results showed that the damage thresholds increased at low temperature. In addition, the temperature dependence became clearly dependent on the concentration of impurities at 1064 nm. However, the temperature dependence of LIDT was almost the same for different concentrations of impurities at 355 nm. The temperature dependence of nonlinear optical phenomena was also studied, indicating that both nonlinear refractive indices and stimulated Brillouin scattering (SBS) thresholds increased with decreasing temperature [12] . For the damage mechanism of longer pulses above a few picoseconds, Mikami et al. thought the initial temperature influences the generation of free-electron, electron avalanche, and critical density, which is responsible for the increased LIDTs at low temperature [14] .
The laser-induced damage thresholds of optical coatings at different temperatures were also investigated [13] . The results showed that the damage thresholds of optical substrates and dielectric single-layer coatings increased linearly 2 Advances in Condensed Matter Physics as the temperature decreased. However, Wang et al. investigated the laser-induced damage of antireflective coatings on Yb:YAG crystals under cryogenic condition and they concluded that the LIDT decreased at cryogenic conditions compared with room temperature. The subsurface defects in the substrate and the thermal stress at the interface between film and substrate under cryogenic conditions are considered to be the key factors for this damage behavior [15] . Therefore, it seems that there is no consistent experimental result about the relationship between temperature and LIDTs of optics. In addition, the underlying mechanisms about the influence of ambient temperature on the LIDT of optics have not been well understood. More experimental and theoretical works are still necessary to investigate the relationship between LIDT and ambient temperature.
In this work, the nanosecond (ns) and picosecond (ps) pulsed laser-induced damage thresholds and damage probability of fused silica under cryogenic and room temperature are investigated. A theory based on the influence of ambient temperature on the lattice temperature is presented to understand the LIDT of optics for long pulse.
Material and Methods
Optically polished fused silica glass sample (corning 7980) with dimensions of 30 × 30 × 10 mm 3 was used in this work. Before experiments, the sample was etched firstly for about 10 min in a buffered HF solution (1% HF + 15% NH 4 F + 84% H 2 O) in order to remove the surface contaminations and blunt the surface scratch. Then the sample was cleaned immediately with pure water and alcohol after etching. The root mean square (RMS) of surface roughness measured by interferometer, after being etched by HF solution, is less than 0.5 nm, which has little influence on the laser wave-front.
In this work, the influence of ambient temperature on LIDT of fused silica was studied by nanosecond and picosecond pulse. That is, the sample was irradiated by the fundamental (1064 nm) or third harmonic (355 nm) Nd:YAG laser and the fundamental (1053 nm) Nd:YLF laser in different ambient temperatures. The Output Specifications of the two devices are shown in Table 1 . In order to obtain convincing comparison data, all conditions should be kept identical except for ambient temperature.
In order to calculate laser damage threshold, the diameter of the focal spots is measured. In this work, the diameter of the focused spot in fundamental frequency mode is about 130 m and in third harmonic mode is about 43 m for Nd:YAG laser. The diameter of the focused spot is about 19 m for the Nd:YLF laser. Figure 1 shows the experimental layout. The incident laser pulse energy of Nd:YAG laser is adjusted by a half-wave plate and a dielectric polarizer integrated in the laser device. The energy of Nd:YLF laser is adjusted by changing the voltage value of the amplifier. The energy was monitored by an EPM1000 energy meter. After the laser pulse passes an appropriate aperture and a neutral grey filter, it is focused in the bulk of sample by a positive lens whose focal length is 100 mm. In addition, a visible He-Ne probe beam coaxial with the main laser beam is used for collimation to make sure that the area for study can be located accurately. The irradiated zone by laser pulse is monitored and recorded by a long focal length CCD camera which was controlled by a computer. Figure 2 shows the cryogenic system. The ST-100 optical cryostat is placed on the 2D translation stage in order to move the sample conveniently and accurately during experiments. The operation procedure of the cryogenic system is as follows.
(1) The sample is mounted at the copper holder which is fixed in the liquid nitrogen optical cryostat; (2) the cryostat chamber is kept at ∼1.2 Torr by using a molecular pump to prevent the water vapor in the atmosphere from condensing at low temperature; (3) the liquid nitrogen is introduced into the optical cryostat by the compressed nitrogen gas. In this way, we can control the temperature by adjusting the flow rate of fluid combined with a heater. The temperature is monitored by a sensor mounted on the sample holder, and the temperature is adjusted by the temperature controller connected with the sensor. The sample should be kept in the cryogenic chamber for 30 minutes before irradiation in order to assure that the sample has been cooled to the experimental temperature.
In this work, the LIDT and damage probability are tested at 1 Hz by "R-on-1" and "1-on-1" methods. For R-on-1 procedure, the same area was irradiated with a number of pulses at a repetition frequency with the increasing laser energy (increasing step 1 J/cm 2 from 10 J/cm 2 ) till the damage occurs. For "1-on-1" procedure, each site was irradiated with only one pulse, and 10 sites were tested at the same laser energy to obtain the damage probability. After that, repeat this process for next fluence.
In particular, the damage was detected by three methods: plasma emission, He-Ne laser scattering, and observation with CCD camera.
Experimental Results and Discussion
For the R-on-1 damage threshold test of samples, is defined as the maximum energy density before the component is damaged and is defined as the energy density when damage just occurs. Therefore, LIDT = ( + )/2 and its error bar is defined as error = ( − )/2, which includes both experimental equipment error and measuring error. In order to ensure the accuracy of LIDT, 10 sites are measured at each ambient temperature, so the mean value of the 10 sites is defined as average LIDT for this ambient temperature.
The laser-induced damage threshold and damage probability of fused silica tested at room temperature and cryogenic condition are given in Figure 3 to Figure 5 . Figure 3 shows the LIDT results (a) and damage probabilities (b) of fused silica at 80 K and 295 K for the Nd:YAG laser operated at 355 nm. The average LIDT is 22.988 J/cm 2 at 295 K and 25.093 J/cm 2 at 80 K for 10 sites. This indicates that the LIDT increases about 9.16% and the damage probability decreases about 30% under the liquid nitrogen cryogenic condition when irradiated by same laser pulse energy. A similar trend for 1064 nm is shown in Figure 4 , where the average LIDT is about 24.83 J/cm 2 at 295 K and 26.807 J/cm 2 at 80 K for 10 sites. This indicates that the LIDT increases about 7.96% at 80 K. Figure 5 shows that the LIDT results (a) and damage probabilities (b) of fused silica at 80 K and 295 K for the Nd:YLF laser operated at 1053 nm. The average LIDT is 44 J/cm 2 at 295 K and 46.321 J/cm 2 at 80 K for 10 sites. The LIDT increases about 5.28% and the damage probability decreases a lot under the liquid nitrogen cryogenic condition.
The results in Figure 3 to Figure 5 exhibit a same trend; that is, the LIDTs of fused silica increase but the damage probability decreases under the liquid nitrogen cryogenic condition compared with room temperature, which is similar to the temperature dependences of laser-induced damage thresholds for silica glasses reported by Mikami and his coworkers [11] .
Theoretical Model and Discussion
For the pulses longer than a few tens of picoseconds, Stuart et al. believed that the damage occurs via sufficient heat deposition on the lattice resulting in melting, boiling, or fracturing the dielectric material because the laser pulse has sufficient time to transfer the energy to lattice [8, 9] . It has been shown that pulse energy deposition on the lattice and its heating to the lattice to a critical temperature ( ) act the key roles during the damage process of several wide-gap materials including fused silica. When the damage occurs, melting or thermal stress damage may appear [16] . So we think the ambient temperature can influence the LIDT of optical components through affecting the lattice temperature. For fused silica, at the location of , , in the Descartes coordinate, an arbitrary volume element can be defined as follows:
The relationship between the heat absorbed by the volume element and the temperature changing from 0 to can be expressed as follows:
where is the heat capacity at points , , , which is related to the material property and temperature. 0 is the initial temperature of fused silica. As most of the energy absorbed from laser contributes to raise the lattice temperature of fused silica and the irradiated time is (pulse width), we can get the formula
where is the absorption coefficient of fused silica, is the pulse power density at , , . The power density is assumed in proportion to the incident laser power density ( 0 ) before the material damages. Therefore, Since the damage is dependent on the lattice temperature for long pulse, the critical temperature of the damaged site at , , is set to be . According to Formula (2), the lattice needs to absorb the heat ( − 0 )
to heat itself and its temperature rises from ambient temperature to critical temperature. Combined with Formula (3), we can get the following expression:
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Formula (6) can give an intuitive explanation. is the heat capacity which characterizes the temperature change after the material absorbs heat. For the larger heat capacity, the temperature of the material is more difficult to rise, so the heat capacity is proportional to the LIDT. is the absorption coefficient of material, which characterizes the capacity to absorb laser energy, so it should be inversely proportional to the LIDT. ( − 0 ) characterizes the lattice temperature difference between initial temperature and critical temperature when it is irradiated by pulse laser. So the LIDT is linearly dependent on the temperature variation from Formula (6). As the heat capacity, absorb coefficient, and critical temperature are constant for one material, the LIDT of fused silica can be improved by decreasing the initial temperature.
The critical temperature which causes material damage is considered to be equal to the softening point temperature of fused silica. The softening point temperature of fused silica is about 1900 K [17] , so = 1900 K. The damage threshold ratio of cryogenic temperature to room temperature is proportional to the temperature difference. Consider
In order to understand the temperature dependence, the processes of laser-induced dielectric material damage should be considered. According to the description by Stuart et al., the major damage processes for the pulse longer than a few tens of picoseconds concluded can be summarized as shown in Figure 6 . The laser-induced damage involves four processes: (I) the excitation of electrons in the conduction band by electron avalanche and multiphoton ionization (MPI), (II) heating of the conduction-band electrons by the radiation, (III) transfer of the plasma energy to the lattice, and (IV) heating deposition result in the melting and boiling the material [8, 9] . Merkle and Kitiotis [10] got the idea that the free electrons generated and multiplied by electron avalanche are the leading factor for the temperature dependence of laser-induced damage in dielectric material. Their model predicted that the LIDT at 80 K should be about 2.4 6 Advances in Condensed Matter Physics times larger than that at 295 K. However, their experimental results show that the damage threshold differed very little between 80 K and 295 K. Mikami et al. [14] thought that the electron resistivity (i.e., electron mobility) is the key factor to elucidate the temperature dependence of laser-induced damage threshold. As the electrical resistivity of silica glass increases with decreasing temperature, the multiplication rate at low temperature is lower than that at room and high temperature. Thus laser-induced damage threshold increases at low temperature. The LIDT value decreased about 2 times from 473 K to 123 K. However, their experimental results show that the LIDT just increases about 20% in 123 K compared to 473 K. Therefore, the experimental results are much lower than the calculated results predicated by the two theoretical models.
In our theory model, we mainly consider the lattice heating. As energy deposition to lattice is related to the pulse duration, thermal conduction is in progress through the lattice during the interaction for long pulses [18] . Meanwhile, the heating deposition in the lattice causes the lattice temperature to rise. The critical temperature of fused silica is about 1900 K, so it means that the fused silica will damage when the lattice temperature rises from 80 K to 1900 K rather than from 295 K to 1900 K under the liquid nitrogen condition. According to the relationship between LIDT and ambient temperature shown in formula (6), the lower the ambient temperature of lattice is, the higher the LIDT is. The calculated results show that the LIDT improves about 13.4% at 80 K compared with 295 K, indicating that the theoretical model based on heated crystal lattice is more approximate to the experimental data (9.16%) compared with the previous models. In addition, when a high intensity pulse focused on an experimental sample in this study, some nonlinear optical phenomena (e.g., stimulated Raman scattering and self-focusing effect, etc.) may occur, which perhaps is another reason for temperature dependence of laser-induced damage thresholds [13] .
Conclusions
The temperature dependence of laser-induced damage of fused silica is experimentally investigated. The LIDT increases about 9.16%, 7.96%, and 5.28% from 80 K to 295 K for three different laser conditions. Meanwhile, the damage probability is lower at low temperature than room temperature for all conditions. The calculated result from the theory based on heated lattice is consistent with the experimental result.
